Tributyl phosphate (TBP) was tested for reproductive toxicity in rats. Thirty weanlings/sex (F0) were exposed to TBP in the diet ad libitum at 0, 200, 700, or 3000 ppm for 10 weeks and then randomly mated within groups for 3 weeks with continued exposure. F0 parents and 10 Fl weanlings/sex/dose were necropsied, and adult reproductive organs, urinary bladders (both sexes), kidneys (males), and livers (females) were evaluated histologically. Thirty Fl weanlings/sex/dose continued exposure for 11 weeks and were bred as described above. Fl parents and F2 weanlings, 10/sex/dose, were then necropsied as described above. Adult toxicity was observed in both sexes and generations at 700 and 3000 ppm; observations included reduced body weights, weight gain and feed consumption, urinary bladder epithelial hyperplasia (both sexes), renal pelvis epithelial hyperplasia only at 3000 ppm (male kidneys), and centrilobular hypertrophy (female livers). At 200 ppm, transient reductions in body weight were observed in F0 and Fl females, with urinary bladder epithelial hyperplasia in F0 males and females and in Fl males. There was no evidence of reproductive toxicity, of reproductive organ pathology, or of effects on gestation or lactation at any dose tested. Postnatal toxicity was evidenced by consistent reductions in Fl and F2 pup body weights at 3000 ppm and by occasional weight reductions in F2 litters at 700 ppm, and was associated with maternal toxicity observed at these doses and times. Under the conditions of this study, a NOAEL was not determined for adult toxicity; the NOAEL for reproductive toxicity was at least 3000 ppm and the NOAEL for postnatal toxicity was approximately 200 ppm. © 1997 Society of Tmdcology.
is expected to be minimal (WHO, 1991) . Production capacity was estimated to be 6-9 million pounds in 1985 (U.S. EPA, 1987) .
It was found that currently available data on TBP were insufficient to reasonably determine or predict reproductive and fertility effects and that testing was necessary to develop these data (U.S. EPA, 1989b) . Therefore, this study was conducted to assess the reproductive toxicity of this chemical.
METHODS

Test material and dosed feed formulations.
The test material, tributyl phosphate ; from FMC Corp., Princeton, NJ), was at least 99% pure with no significant changes in purity over the course of the study. (The bulk material was analyzed at 99.7% purity upon arrival; gas chromatographic analyses indicated no significant changes in purity after 24 months of storage at room temperature.) TBP was mixed in ground Purina Certified Rodent Chow (No. 5002) at 0, 200, 700, and 3000 ppm, based on results from a reproductive toxicity range-finding study. (In the range-finding study, 10 CD rats/sex/dose were administered dietary TBP at 0, 100, 300, 1500, or 5000 ppm ad libitum for a 2-week prebreed period, a 2-week mating period, a 3-week gestational period, and a 3-week lactation period. Selected Fl offspring, 10/sex/group, were exposed for a 2-week postweaning period.) Dosed feed formulations were homogeneous and stable for at least 28 days at refrigerated temperatures and for at least 14 days under ambient conditions; they were therefore formulated at approximately 3-week intervals throughout the study and stored under refrigeration. Ail doses were analyzed for the first four formulation times; then one randomly selected dosage level and the vehicle control diet for each formulation date were analyzed throughout the study. Dosed feed formulations were 93.0-106.0% of target concentrations throughout the study. No TBP was detected in the vehicle control feed with an estimated detection limit of 3.6 ppm. For analyses, aliquots of dosing formulations were extracted in acetonitrile, diluted appropriately, applied to a solid-phase extraction column, eluted, and analyzed by gas chromatography (Hewlett Packard 5890A GC) using a J and W DB-1 (15 m X 0.25 mm i.d.) l-/jm film capillary column and an internal standard of triisobutyl phosphate in acetonitrile.
Animals and husbandry. Virgin male and female CD (Sprague-Dawley) (Crl:CD[SD]BR) rats were purchased from Charles River Breeding Laboratories (Raleigh, NC), age 7 weeks old upon arrival, and held for a 1-week quarantine. Sentinel animals were examined for fecal parasites, serum viral antibody titers, and gross pathology. All animals were uniquely eartagged. Animals were individually housed or housed in mating pairs or with litters in solid-bottom polycarbonate cages with stainless-steel wire 0272-0590/97 $25.00 Copyright O 1997 by the Society of Toxicology. All rights of reproduction in any form reserved.
lids (Laboratory Products, Rochelle Park, NJ) with Ab-Sorb-Dri cage litter (Laboratory Products, Rochelle Park, NJ). Ground Purina Certified Rodent Chow (Ralston Purina Co., Richmond, IN) and deionized/filtered tap water (City of Durham, Department of Water Resources, Durham, NC) in water bottles were available ad libitum throughout the study. Temperature and relative humidity were maintained at 68-75T and 40-70% in the animal rooms throughout the study (except for a few brief and/or minor excursions); light cycle was 12:12 h and all animals were handled and treated at all times in conformance with the NIH Guide (NIH, 1985) .
Two hundred forty animals were placed on study, 30/sex/group, by randomization procedures stratified by body weight, immediately prior to the start of the prebreed exposure period.
Study design. Thirty weanling rats (designated F0 generation) per sex per dose were administered TBP in the diet ad libitum for 10 weeks (prebreed dosing period) with clinical observations recorded daily (mortality checks twice daily) and body weights and feed consumption recorded weekly. Feed jars were weighed and changed weekly.
Each female F0 animal was mated with a single male from the same dose group for 3 weeks (with a change in unsuccessful partners after 1 week of cohabitation) with exposure to dietary TBP continuing throughout the mating period. Observations of vaginal sperm and/or copulation plug were considered evidence of successful mating (Hafez, 1970) ; the date of insemination was designated gestational day (gd) 0. Dams were weighed and feed consumption was recorded on gd 0, 7, 14, and 20. Exposure was continued throughout gestation and lactation. The date of parturition was designated postnatal day (pnd) 0. Dams with litters were weighed and feed consumption was recorded on pnd 0, 4, 7, 14, and 21. Pups (Fl generation) were individually counted, sexed, and examined grossly on pnd 0, 1,4, 7, 14, and 21. They were also weighed individually on pnd 1, 4, 7, 14, and 21. Litters were randomly culled to a maximum of eight (with as equal sex ratio as possible) on pnd 4. At weaning on pnd 21, 30 Fl weanlings/sex/ group were randomly selected to be parents of the F2 generation; 10 Fl weanlings/sex/group were randomly selected for necropsy; the remaining Fl weanlings were examined externally, euthanized, and discarded. Parental F0 animals were necropsied: males after the mating, females after weaning of their Fl litters.
Fl selected weanlings were exposed to TBP diets for 11 weeks and then mated as described above with exposure continuing during mating, gestation, and lactation. Fl dams and F2 litters were handled as described above for F0 dams and Fl litters. Fl males were terminated after the mating; Fl females were terminated after their F2 litters were weaned. F2 weanlings, 10/sex/group, were selected for necropsy, and the remaining F2 weanlings were examined externally, euthanized, and discarded.
Necropsy and histopathology.
F0 and Fl parental necropsy included macroscopic examination of all cavities and organs, with retention of the organs listed below, and any gross lesions, in buffered neutral 10% formalin. The following tissues from high-dose and control parental animals were embedded in paraffin, sectioned at 5 ftm, stained with hematoxylin and eosin, and examined histopathologically: pituitary, ovaries (two), testes (two), vagina, uterus, epididymides (two), seminal vesicles (two), prostate, urinary bladder (perfused in situ), kidneys (two) and liver. When it was apparent that possible treatment-related lesions were present in male kidneys, female livers, and urinary bladders of both sexes at the top dose, these organs from mid-and low-dose groups were also embedded, sectioned, stained, and examined histologically. Fl and F2 weanlings, 10/sex/ dose, were necropsied as described above, with gross lesions retained in fixative (buffered neutral 10% formalin); weanling gross lesions were not examined histologically.
Statistical analyses. Both parametric and nonparametric statistical procedures were applied to selected measures from this reproductive toxicity study. Parametric evaluations were as follows: Appropriate general linear models (GLM) procedures (SAS Institute Inc., 1989a,b; 1990a,b,c) for the analyses of variance (ANOVA) were employed. Prior to GLM analysis, an arcsine-square root transformation was performed on all litter-derived percentage data (Snedecor and Cochran, 1967) , and Bartlett's test for homogeneity of variance (alpha level = 0.001) was performed on all data to be analyzed by ANOVA (Winer, 1962) . GLM analyses were used to determine whether significant dose effects had occurred for selected measures (AN-OVA). When a significant (p < 0.05) main effect for dose occurred, Dunnett's multiple comparison test (Dunnett, 1955; 1964) was used to compare each chemical-exposed group to the vehicle control group for that measure. A one-tailed test (i.e., Dunnett's test) was used for all pairwise comparisons except that a two-tailed test was used for adult body and organ weight parameters, parental feed consumption, pup body weight, and percentage of males per litter. Nominal scale measures (e.g., reproductive indices) were analyzed by x 2 test for independence for differences among treatment groups. When x 2 revealed significant {p < 0.05) differences among groups, then a one-tailed Fisher's exact probability test was used for pairwise comparisons between each treated group and the vehicle control group.
Nonparametric data (with nonhomogeneous variances) were statistically evaluated using the Kruskal-Wallis one-way analysis of variance by ranks (Siegel, 1956 ) to test for differences among dose groups. Whenever the result of a Kruskal-Wallis test was significant (p < 0.05), the MannWhitney U test was used to make individual comparisons between vehicle and chemical dose groups for that measure (Siegel, 1956 ).
RESULTS
Range-Finding Study
In the range-finding study, exposure to 5000 ppm resulted in profoundly reduced body weights and weight gain, urinary bladder hyperplasia and hyperemia in parental animals, and mortality and urinary bladder hyperplasia in Fl offspring. Effects at 1500 ppm included reduced Fl pup weights and urinary bladder lesions in Fl females. There were no treatment-related effects at 100 or 300 ppm. Since 5000 ppm resulted in profound effects after short-term exposure, it was considered inappropriate for the top dietary dose; 1500 ppm was considered too low for the top dietary dose. Therefore, 3000 ppm was selected for the top dietary dose, 700 ppm for the mid dietary dose, and 200 ppm for the low dietary dose in the definitive study. These dietary doses have also been employed in other studies on TBP in rats (e.g., Arnold etal, 1997) .
Definitive Study TBP consumption. TBP was administered at fixed levels (ppm) in the diet throughout the study. TBP consumption was calculated as mg/kg body wt/day for each interval based on the concentration of TBP, the individual animal's calculated body weight in kg at the midpoint of the interval (mean of the body weights at the start and end of the interval), and the feed consumption in g/day for the interval. Since feed consumption in g/animal was approximately equivalent over time within sexes and groups and across groups, and since the animals gained weight over time, the calculated TBP consumption value dropped over time within groups during the prebreed exposure periods. The approximate ranges of TBP consumption for males during the prebreed period were 18-11 mg/kg/day for F0 (and 21-10 mg/kg/day for Fl) at 200 ppm, 65-38 (72-36) mg/kg/day at 700 ppm, and 264-160 (328-166) mg/kg/day at 3000 ppm. For females, the approximate ranges were 17-12 mg/kg/day for F0 (and 21-13 mg/kg/day for Fl) at 200 ppm, 60-41 (70-44) mg/kg/ day at 700 ppm, and 266-178 (316-193) mg/kg/day at 3000 ppm. During gestation (gd 0-20), female TBP consumption was approximately 13 mg/kg/day for F0 (and 13 mg/kg/day for Fl) at 200 ppm, 47 (45) mg/kg/day at 700 ppm, and 214 (217) mg/kg/day at 3000 ppm. During lactation (pnd 0-21, confounded by the pups self-feeding during the last week of lactation), female TBP consumption was approximately 
Mating Days
26 mg/kg/day for F0 (and 31 mg/kg/day for Fl) at 200 ppm, 94 (107) mg/kg/day at 700 ppm, and 404 (502) mg/kg/day at 3000 ppm (Table 1) . Parental parameters. At 3000 ppm, there was no mortality and no treatment-related clinical observations in males or females of either generation. Both sexes in both generations exhibited consistent and persistent significant reductions in body weights and weight gains during their prebreed exposure periods (Fig. 1 ). There were also significant reductions in feed consumption, expressed as g/ day, but not as g/kg body wt/day during the prebreed periods; in fact, feed consumption was occasionally slightly increased when the data were expressed as g/kg/ day (Table 1) . Body weights were consistently reduced 23.8 ± 0 7* 72.2 ± 2.4* 216.6 ± 7 6 53.8 ± 1.8" 167.3 ± 5.2* 501.8 ± 15.5° Data are presented as means ± SEM. * FO animals had a 10-week prebreed; Fl animals had an 11-week prebreed. * p < 0.05, Dunnett's test. ** p < 0.01, Dunnett's test. during gestation and lactation for FO and Fl females; FO feed consumption was essentially unaffected (increased as g/kg/day for gestation) while Fl feed consumption as g/day was significantly reduced and as g/kg/day was significantly increased during these phases (Fig. 1, Table 1 ).
There were no treatment-related gross lesions in F0 or Fl males or females at necropsy, but histologically, F0 and Fl males and females exhibited urinary bladder epithelial hyperplasia, F0 and Fl males exhibited renal pelvic epithelial hyperplasia, and F0 and Fl females exhibited hepatic centrilobular hypertrophy (Table 2 and Fig. 2 ). There were no treatment-related effects on any other organs of F0 or Fl animals.
At 700 ppm, no mortality or treatment-related clinical observations were observed. Reductions in body weights and weight gains were observed during the prebreed and b Male livers and female kidneys were collected from the mid-and low-dose animals but were not examined since no apparent treatment-related effects were observed in these tissues at the top dose level.
during gestation and lactation only for Fl females (Fig. 1) . Feed consumption was reduced in F0 females on Week 6 only (and not in F0 males), in Fl males on Week 9 only, and in Fl females on Weeks 5 and 6 during prebreed when expressed as g/day, but not at g/kg body weight/day. Feed consumption during gestation and lactation as g/day or g/ kg/day was unaffected in F0 and Fl females. No gross findings at necropsy of F0 and Fl males and females were deemed to be treatment related. Histologically, urinary bladder epithelial hyperplasia was observed in both sexes and both generations. F0 and Fl females exhibited hepatic centrilobular hypertrophy, but F0 and Fl males did not exhibit the renal effects observed at 3000 ppm (Table 2 and Fig. 2) .
At 200 ppm, there was no mortality, no clinical signs, and only occasional reductions in F0 female body weights during the prebreed period (Weeks 1, 2, 5, and 9, with no effects on this parameter at 700 ppm), in F0 female feed consumption only during Week 9 (and only when the data were expressed as g/day), and in Fl female lactation body weights (on pnd 7 and 14). F0 and Fl male body weights were unaffected (Fig. 1) . Feed consumption in F0 males and Fl males and females was also not affected (Table 1) . Necropsy findings were unremarkable. Histologically, urinary bladder hyperplasia was observed in F0 and Fl males and in F0 (but not Fl) females; no hepatic or renal lesions were observed in parental animals (Table 2 and Fig. 2) .
Reproductive parameters. There were no effects at any dose level in either the F0 or the Fl generations for any reproductive indices measured, including mating and fertility indices, and gestational length (Table 3 ). There were also no treatment-related histopathologic lesions in reproductive organs of F0 or Fl male or female parental animals at any dietary dose level (data not shown).
Offspring parameters. There were no effects of treatment at any dose on total or live litter size, sex ratio, or preor postnatal loss for Fl or F2 litters (Tables 3 and 4) . Fl and F2 pup body weights per litter were consistently and significantly reduced at 3000 ppm. At 700 ppm, only F2 pup body weights per litter were significantly reduced and only for pnd 1 and 21. At 200 ppm, only F2 pup body weights per litter were significantly reduced and only for pnd 14 (Table 4 ). There were no treatment-related clinical observations for Fl or F2 pups during lactation. There were also no treatment-related necropsy findings of pups that died during lactation or of Fl or F2 pups, 10/sex/dose, which were necropsied at weaning.
DISCUSSION
The present study evaluated exposure of CD (SpragueDawley) rats to tributyl phosphate (TBP) administered in the diet at 0, 200, 700, or 3000 ppm for two generations, one litter per generation. These fixed concentrations in the diet resulted in TBP consumption values for F0 and Fl parental males and females of approximately 10-31 mg/kg/ day at 200 ppm, 36-107 mg/kg/day at 700 ppm, and 160-502 mg/kg/day at 3000 ppm (see Table 1 ). In-life adult toxicity consisted of reduced body weights and feed consumption for F0 and Fl parental animals of both sexes at 700 and 3000 ppm. Postnatal toxicity was expressed as reduced Fl and F2 pup weights per litter during lactation at 700 and 3000 ppm. At 200 ppm, the only observed signs of toxicity were isolated and transient, including significant reductions in F0 female body weights for Weeks 1, 2, 5, and 9 of the prebreed exposure period (with no effects on this parameter observed at 700 ppm), a significant reduction in F0 female feed consumption only for Week 9 of the prebreed exposure period, significant reductions in Fl maternal lactational body weights on pnd 7 and 14, and a significant reduction in F2 pup weights per litter only on pnd 14.
Treatment-and dose-related incidences of epithelial hyperplasia were observed in urinary bladders at all dosed feed levels in F0 males and females and in Fl males; Fl females exhibited the lesions at 700 and 3000 ppm but not at 200 ppm. No urinary bladder epithelial hyperplasia was observed in any animals at 0 ppm or in Fl females at 200 ppm. This observation confirms and extends results of a 13-week dietary feeding study of TBP at 0, 8, 40, 200, 1000, and 5000 ppm in Sprague-Dawley rats, 15/sex/dose (FMC Corp., 1986) . The only treatment-related histologic finding in this subchronic study was termed "generalized transitional cell hyperplasia" in the urinary bladder in both sexes at 5000 ppm and in males at 1000 ppm (FMC Corp., 1986) . In other studies, urinary bladder hyperplasia was observed in both sexes of Sprague-Dawley rats after oral gavage exposure at dose levels of 0.20 g/kg/day and at 0.30 g/kg/ day (first 6 weeks) to 0.35 g/kg/day (last 12 weeks) 5 days/ FIG. 2-Continued week for 18 weeks (Laham etal., 1985) and at dietary levels of 1000 ppm (males only) and 5000 ppm for 13 weeks (Cascieri et al., 1985) , and in mice after 13 weeks at dietary levels of 2000 and 8000 ppm (Auletta et al., 1997) . Exposure of male Sprague-Dawley rats to dietary TBP at 0, 200, 700, and 3000 ppm for 10 weeks resulted in urothelial effects at 700 and 3000 ppm, more severe at 3000 ppm. Coadministration of 12,300 ppm NH,C1 (to acidify the urine) did not prevent the urinary bladder changes at 3000 ppm TBP. The bladder epithelial changes at 3000 ppm were reversible after 10 weeks on control diet (Arnold et al., 1997) . In the present study, renal pelvic epithelial hyperplasia was observed only in F0 and Fl males and only at 3000 ppm. Renal pelvic epithelial hyperplasia was not observed in F0 or Fl females at 3000 ppm, nor in parents of either sex at 700, 200, or 0 ppm. In addition, histopathologic findings were observed in livers from adult FO and Fl females only, presenting as centrilobular hypertrophy, at 700 and 3000 ppm. This hepatic hypertrophy was not observed in any females at 0 or 200 ppm or in any males at any dietary dose.
No reproductive, pre-or postnatal survival parameters were significantly affected at any dose level during either of the matings (Fl or F2), even in the presence of persistent F0 and Fl maternal body weight effects at 700 and 3000 ppm prior to and during gestation and lactation. No effects were observed in mating or fertility indices at any dose level in either generation; a slightly (but not statistically significantly) reduced male fertility index was observed for Fl (but not F0) males at 200 (but not at 700 or 3000) ppm. This finding is not considered treatment related since it was not observed at the mid or high doses, i.e., was not dose related; it was observed only in one generation and was not statistically significantly different from the control value. There were no treatment-related histopathologic lesions in reproductive organs of parental males or females at any dose or in either generation in this study. Offspring litter sizes, prenatal mortality, stillbirth, live birth, and postnatal survival indices and sex ratios were all statistically equivalent across groups for Fl and F2 litters.
The only indication of postnatal toxicity was reduced pup body weights per litter. This finding was observed in Fl and F2 litters at 3000 ppm throughout lactation, in the presence of reduced maternal body weights at this dose level during the entire lactation period. At 700 ppm, there were reduced F2 pup body weights on pnd 1 and 21 but not on pnd 4, 7, or 14. Reduced maternal body weights were observed in the Fl mothers on pnd 0, 4, and 7 at this dose level. F2 pup weights were also reduced at 200 ppm only on pnd 14, with Fl maternal body weights reduced at 200 ppm on pnd 7 and 14.
In summary, F0 and Fl mothers exhibited significant signs of toxicity (reduced body weights, weight gain, and feed consumption) at the same dietary doses and at times comparable to when their Fl and F2 pups exhibited reduced body weights. Therefore, the most appropriate and consistent explanation for the offspring findings is that maternal-mediated toxicity was the cause of the reduced pup weights early in the postnatal period, and maternal toxicity, as well as toxicity from direct exposure to the test material by ingestion by pups (self-feeding begins during the second week of life), was the cause of the reduced pup weights later in lactation out to weaning on pnd 21.
CONCLUSIONS
Exposure to tributyl phosphate in the diet for two generations in CD (Sprague-Dawley) rats resulted in consistent and persistent parental toxicity at 700 and 3000 ppm, and only transient and isolated adult and postnatal toxicity and histologic evidence of parental urinary bladder epithelial hyperplasia at 200 ppm. There was no effect of treatment on parental reproductive structures or functions, or on offspring survival parameters at any dose tested. Reduced pup body weights per litter were observed during the lactation period at 3000 ppm in Fl litters, and at 3000, and occasionally at 700 ppm, in F2 litters (with a single isolated observation in F2 litters at 200 ppm), associated with, and most probably caused by, the maternal toxicity at these dietary dose levels. Therefore, while a "no observable adverse effect level" (NOAEL) was not established for adult toxicity, the NOAEL 
